Bed sediments of the Yamuna River and its tributaries in the Himalaya (Yamuna River System, YRS) have been analyzed for major elements and trace metals (Sr, Ba, Ni, Cu, Co, Zn, Pb and Cr). These results have been used to characterize chemical weathering and transport in the Himalaya, to assess relative mobility of elements during weathering and to understand heavy metal association. Concentrations of major and trace elements of YRS sediments vary between 20 and 50%. In general, elemental variability reduces when data are analyzed individually for the major rivers, suggesting that tributaries draining diverse lithology contribute significant variations. Comparison of sediment chemistry with composition of source rocks and average Upper Continental Crust (UCC) suggests significant loss of Na, K, Ca and Mg from source rocks during weathering, the degree of loss being more for Ca and Na. Chemical index of alteration (CIA) for YRS sediments averages at 59, indicating that weathering in the basin is of moderate intensity. This inference is also supported by major ion chemistry of YRS waters and is attributed to steep gradient and enhanced physical erosion in the basin. Available results seem to indicate that Na and Sr are effectively more mobile than Ba, which is thought to be a combined effect of higher solubility of Na and Sr, and the affinity of Ba to be adsorbed onto solid phase. Heavy metals show significant positive correlation with Al and weak correlation with Fe, Mn and P. These observations suggest that metal concentrations are controlled mainly by clay mineral abundances, and that Fe-Mn oxides and organic matter may be playing less significant role. Heavy metal concentrations of YRS sediments are lower than those of suspended particulates of the Yamuna river, presumably due to higher clay mineral abundances in the latter. Strong association of metals with Al, and lower metal concentrations in bed sediments compared to suspended matter underscores the importance of sediment transport and mineral sorting in influencing the YRS sediment chemistry. Enrichment factor and geo-accumulation index calculated for heavy metals in YRS sediments suggest that they are mainly of natural origin and that anthropogenic activities exert little influence on their abundances.
INTRODUCTION
The rivers draining the Himalaya contribute significantly to the global sediment and water discharge (Milliman and Meade, 1983) . They have recently attracted attention of several workers because of the possible connection between chemical weathering in the Himalaya and global climate (Raymo and Ruddiman, 1992) as silicate weathering is thought to be a global sink for CO 2 on geologic time scales (Walker et al., 1981; Berner, 1995) . Such a hypothesis has led to a number of studies on rivers drain- (Negi, 1991) . This work, which builds on our earlier studies (Dalai et al., 2002a, b, c) , forms a part of detailed geochemical and isotopic investigation of the Yamuna River System (YRS) in the Himalaya. Reported here are the concentrations of major and trace elements in sediments of the Yamuna and its tributaries in the Himalaya. Results obtained in this study, in conjunction with those available on bed rocks in the basin and dissolved load of the YRS (Dalai et al., 2002a, b) , are used to (i) characterize chemical weathering in the YRS basin, (ii) assess relative mobility of elements during weathering and transport, and (iii) determine the origin and association of heavy metals in river sediments.
SAMPLING AND ANALYSIS
Riverbed sediments were collected from the Yamuna mainstream and its tributaries ( Fig. 1 ) during October 1998. Details of the sampling and analysis are given in Dalai (2001) and Dalai et al. (2002a, b) . Samples were collected in zip-lock polythene bags using a plastic scoop. In the laboratory, they were oven-dried at ~90°C and sieved to <1 mm size using nylon sieves. The <1 mm size fractions were powdered either in an agate mortar or in a Spex ball mill with acrylic container and methylacrate balls, and were sieved to <100 mesh size using nylon sieves. Samples >100 mesh size were repeatedly powdered to bring all the materials to <100 mesh size. During powdering, care was taken to ensure that samples did not come in contact with any metal surface. After thorough homogenization, powdered samples were stored in clean plastic bottles. About 500 mg of sample was weighed and dissolved in PTFE dish by repeatedly treating with hot HF-HCl-HNO 3 -HClO 4 mixture and finally dissolving in 1N HNO 3 . These solutions were used for elemental analysis after suitable dilution. Some samples were digested in replicates and analyzed to assess the precision of measurements. Reagents used for sample dissolution were analyzed to assess their blank contribution. USGS rock standard (G-2) and an in-house laboratory standard (NOVA, prepared from the Pacific sediments, Agnihotri, 2001) were also dissolved along with the samples and analyzed to check the accuracy of the measurements. Ca, Mg, Al, Sr, Ba, Fe, P, Ti, Pb, Zn and Cr were measured by ICP-AES (Jobin Yvon 38S), and Na, K, Mn, Agla r R.
A s a n R .
Ba ta R. Cu, Ni and Co by flame-AAS (Perkin Elmer 4000). Carbonate contents were determined by coulometric titration. Powdered samples were treated with 40% orthophosphoric acid for 10 minutes at 70°C in the extraction unit coupled to the Coulometer (UIC Coulometer 5012). The evolved CO 2 was swept to the titration cell of the coulometer after being passed through columns containing activated silica gel and anhydrous MgClO 4 . Carbonate contents were calculated assuming that evolved CO 2 is produced from CaCO 3 .
Blank corrections were <2% for Zn, Pb, Cu and Ni, and negligible for other elements. Precision and accuracy of the measurements of major elements (Na, K, Ca, Mg, Al, Fe), carbonate content, Sr and Ba were within about ±5% (Dalai, 2001; Dalai et al., 2002a Dalai et al., , 2002b Dalai et al., , 2003 . Average precision was ±8% for P, ±15% for Zn and ±10% for other metals. Analysis of USGS reference rock standard G-2 and the laboratory standard NOVA shows that between the two standards, measured metal concentrations of NOVA agreed better with their reported values (Table 1) . However, measured Co concentrations of both the standards were ~30% higher than the reported values.
LITHOLOGY OF THE DRAINAGE BASINS
In its upper reaches, the river Yamuna drains high grade granite-gneisses and schists of the Higher Himalayan Crystallines (HHC, Fig. 2 ). Occurrence of carbonates is less common in HHC, however, these rocks are reported to contain impure limestones and calcsilicates (Bickle et al., 2001 and references therein). These rocks have schistose graphitoid quartzites (Gansser, 1964) and graphitic/carbonaceous schists (Valdiya, 1980; Sharma, 1983) . There are reports of calc-schists and marble in regions upstream of Hanuman Chatti which contain sulphide mineralization (Jaireth et al., 1982) . As the river flows past the Higher Himalaya, it drains quartzites, conglomerates, slates and carbonaceous phyllites. Further downstream, it flows through massive dolomitic limestone and marble of Mandhali and the Deoban Formations of the inner belt, and limestone and dolomite of Krol Formation of the outer belt in the Lesser Himalaya. These carbonates are often associated with carbonaceous and gray slate. Barite occurs in silisiclastic sediments of Nagthat Formation in the Tons river section (Sachan and Sharma, 1993) , and as pockets and veins in the lower horizons of Krol limestone at Maldeota and Shahashradhara (Anantharaman and Bahukhandi, 1984) . Southwest of Kalsi (Fig. 2) , the Yamuna flows through the Siwaliks comprising of channel and floodplain deposits formed by Himalayan rivers in the past.
In the Himalaya, the Yamuna drains an area of ~9600 km 2 and has average annual water discharge of ~10.8 × 10 12 liter at Tajewala (Rao, 1975; Jha et al., 1988; Fig. 1) . The discharge and drainage area of the Yamuna at Tajewala is similar to that of the Bhagirathi and the Alaknanda (at Devprayag) prior to their confluence to form the Ganga. Among the tributaries of the Yamuna, the Tons is the largest, which originates in the Higher Himalaya and merges with the Yamuna at Kalsi where its water discharge is twice that of the Yamuna (Rao, 1975) . Other major tributaries: the Asan, Giri, Bata and Aglar (Fig. 1) originate and flow through the Lesser Himalaya.
The Yamuna basin in the Himalaya, particularly its upper reaches, is not significantly influenced by agricultural and human activities. Terrace agriculture is limited to a few locations in the lower reaches. The impact of land use pattern and agricultural practices on water and sediment chemistry of the Yamuna and its tributaries, therefore, is likely to be minimal. Earlier studies from our group have shown that decadal variation in major ion and Sr concentrations of the Yamuna waters is only within 30-40% and about ±20% respectively, suggesting that Potts et al. (1992 Dalai et al. (2002a) . Ba data from Dalai et al. (2002b) .
anthropogenic activities and land use pattern have not significantly impacted the river water chemistry (Dalai et al., 2002a (Dalai et al., , 2003 .
RESULTS AND DISCUSSION
The concentrations of major elements (Na, K, Ca, Mg, Al, and Fe in weight %; Mn, P and Ti in µg g -1 ), carbonate content (weight %) and trace elements (Sr, Ba, Ni, Cu, Co, Zn, Pb and Cr, in µg g -1 ) are presented in Table  2 . Data for some of the major elements and Ba were earlier reported in Dalai et al. (2002a, b) . In order to observe general variability in the sediment chemistry of the YRS, statistical parameters of the data (arithmetic mean, standard deviation and coefficient of variation) were calculated (Table 3 ). The Yamuna and the Tons are the two largest rivers draining major part of the YRS basin. Hence statistical analysis was also done separately for these two rivers; the results are shown in Table 3 .
The concentrations of major and trace elements vary by 20 to 50% for the YRS. Coefficient of variation is maximum (45-50%) for Ca, Mn and Ni, ~35-40% for Mg, Fe, Cr and Cu, and is within ≤30% for other elements. It can be seen that variations in the elemental concentrations, calculated separately for the Yamuna and the Tons, are reduced when compared with the YRS as a whole. This seems to suggest that contributions from the tributaries draining multilithologic terrains may introduce significant variations to YRS sediment chemistry. For the Yamuna sediments, Fe and Mn show maximum scatter (~33 and ~23% respectively) whereas other elements have <20% variation. For the Tons sediments, the coefficient of variation is the highest for Mn (~56%), 24 to 33% for Fe, Zn, Ca, Mg and Ni, and <20% for the rest. Compared to the Tons sediments, the average concentrations of Ca, Mg, Ti and Ni in the Yamuna sediments are higher whereas the opposite holds true for Sr, Ba, Fe and Mn (Table 3) .
Major elements
Among the major elements, Na, K, Fe and Al show no systematic downstream variation, whereas carbonate, Ca and Mg show higher abundances in the lower reaches where Precambrian carbonates is a major lithology of the YRS catchment.
In order to determine inter-relation among the major and trace elements, multiple regression analysis was carried out, results of which are given in Table 4 . Among major elements, Na, K, and Fe show positive correlation with Al; correlation coefficient being the highest for the K-Al pair (0.73, Table 4 ). Ca and Mg show weak negative correlation with Al. These trends suggest that concentrations of Na, K and Fe of YRS sediments are significantly controlled by clay mineral abundances that are progressively diluted by quartz content. Due to physical transport and hydrodynamic sorting, many of the major and trace elements are known to be associated with clay and fine silt fractions of sediments and suspended particulates of rivers, whereas quartz is usually abundant in the sand fractions (cf., Tebbens et al., 2000) . The results obtained for YRS sediments, as discussed above, thus underscore the importance of transport processes in regulating the elemental abundances of river sediments. Large scatter in Al-Ca and Al-Mg plots may be caused by contributions from detrital carbonates. Mn shows significant positive correlation with Fe which is suggestive of Mn-Fe association in oxide phase.
The Yamuna and its tributaries, as mentioned earlier, have major part of their drainage basins in the Lesser Himalaya. Comparison of element abundances in the YRS sediments with those in the granites/gneisses in the Lesser Himalaya suggests that the Na, K, Ca and Mg have been lost from bedrocks during weathering. Since river sediments are composite weathering products of all the lithologies in the catchments, major element concentrations of sediments were normalized with those of the average Upper Continental Crust (McLennan, 1995) . Normalization of elemental concentration of river sediments with those of the UCC is a common approach to assess the elemental mobility during weathering and transport (Taylor and McLennan, 1985) . In YRS sediments, the UCC normalized ratio for most of the major elements is <1 (Fig. 3) . This would suggest their loss from source rocks during weathering and transport. Exceptions to this trend are P and Ti, which have UCC normalized ratios close to 1. This observation seems to support the idea that Ti is relatively immobile during chemical weathering. On the other hand, P may have contributions from land-derived organics and/or productivity in rivers. Although average value of UCC normalized ratio for Mn is 0.75, it is difficult to distinguish it from 1 due to the large error (Fig. 3 ). Figure 3 also shows that Na and Ca have suffered the highest loss, consistent with the knowledge that they are relatively more mobile in the natural aqueous environment (Nesbitt and Young, 1982; Berner and Berner, 1996; Gaillardet et al., 1997) . Degree of Ca and Mg loss from source rocks, as evident from comparison of YRS sediments with UCC, could be more than the actual value due to the presence of detrital and/or authigenic carbonates in bed sediments. A significant part of the YRS catchment in the lower reaches comprises of Precambrian carbonates, especially the massive dolomites. Wide occurrence of limestone and dolomite in the basin, together with the observed co-variation of Ca and Mg (Table 4) and significant positive correlations of carbonate content with Ca and Mg (Fig. 4) , support the idea that the carbonates in YRS sediments are mainly of detrital origin with little contribution from calcite precipitation. Though many of the YRS waters are supersaturated with calcite, evidence for calcite precipitation in the YRS has not been observed (Dalai et al., 2002a) . , based on Sr-and C-isotopic studies of bed carbonates and sediment carbonates of the Narayani river in the Nepal Himalaya, also observed that carbonates in the river sediments are mainly of detrital origin.
Comparison of elemental ratios in silicate source rocks with those in sediments provides an opportunity to assess their relative mobility during weathering and transport. Average Ca/Na ratio (molar) in YRS sediments is 0.75 which is higher than the average values of 0.46 in Lesser Himalaya silicates, 0.32 in Higher Himalaya silicates and 0.15 in granites from Hanuman Chatti and Sayana Chatti (Krishnaswami et al., 1999; Dalai et al., 2002a) . Higher Ca/Na in bed sediments, however, can arise either due to higher mobility of Na relative to Ca or due to presence of authigenic and detrital carbonate in sediments. It is also important to examine if transport processes also influence the abundances of Ca and Na in river sediments. Given that Ca and Na are relatively more soluble and have low affinity for particles, their concentrations in sediments are less likely to be affected by processes such as exchange and adsorption. Thus, mineral sorting can influence abundances of Ca and Na in river sediments only through quartz dilution. However, the effect of quartz dilution is cancelled out when the ratio Ca/ Na is used. Thus, comparison of Ca/Na of carbonate-free sediments with that of source rocks can avoid complications of mineral sorting and presence of carbonates in sediments. YRS sediments free of carbonates have average Ca/Na molar ratio of 0.44 ± 0.14 (based on data of five samples with carbonate content below detection limit, Table 2 ), which is ~3 times higher than the average value of 0.15 ± 0.13 in granites from Hanuman Chatti and Sayana Chatti (Biyani, 1998; Dalai, 2001; Dalai et al., 2002a) . Similarly, average Mg/Na ratio (molar) of carbonate-free sediments is 0.51 ± 0.16, much higher compared to 0.15 ± 0.08 in granites from Hanuman Chatti and Sayana Chatti. Such observations, though based on limited data set, are suggestive of higher mobility of Na over Ca and Mg during weathering and transport of silicates in the YRS basin. This is in line with the existing knowledge on relative elemental mobility (Berner and Berner, 1996; Gaillardet et al., 1997) and is consistent with the observation that a major part of Na in YRS waters is derived from silicate weathering (Dalai et al., 2002a) . Average Al content of YRS sediments (4.7 weight %) is much lower than that in the upper continental crust and in average sediments (8.04 and 7.1% respectively, McLennan, 1995) . Intense weathering in river basins yields high clay content and Al concentration in the river particulates and sediments. Lower Al concentration would indicate that chemical weathering in YRS basin is not so intense, although this might have been partly caused by mineral sorting. Chemical index of alteration (CIA) of YRS sediments (Nesbitt and Young, 1982) provides a semi-quantitative measure of the degree of silicate weathering in the river catchments. CIA is given by:
where CaO* represents CaO of the silicate fraction (Nesbitt and Young, 1982 (Singh et al., 1998) . Assuming this is also valid for Ca/Mg ratio in bed carbonates, the CIA for individual samples decreases only marginally, with an average ~59 (Dalai et al., 2002a) . It is seen that CIA values for YRS sediments in the lower reaches are generally higher, which suggests relatively more intense weathering because of abundant vegetation, and higher soil CO 2 and temperature. In the lower reaches, contact time of water with the reacting minerals is likely to be longer due to shallower gradient. However, the average CIA in YRS sediments is lower than that in average shale, 70-75 (Nesbitt and Young, 1982) indicating that chemical weathering of silicates in the Yamuna basin in the Himalaya is not so intense. This is also borne out from low values of dissolved Si/(Na* + K) molar ratio (average 1.6) in YRS waters (Na* is sodium corrected for contributions from cyclic salts and halites using dissolved Cl as an index; Dalai et al., 2002a) . Available studies on clay mineralogy of the Yamuna river sediments near Mussoorie in the Lesser Himalaya show that they contain abundant illite with minor kaolinites (Subramanian et al., 1985; Sarin et al., 1989) , also suggestive of incipient silicate weathering. Relatively lower values of CIA in the Indus River bed sediments (48-52) and suspended matter (60-65) led Ahmad et al. (1998) to infer that erosion and physical weathering regulate sediment chemistry of the Indus. In the Himalaya, physical erosion is enhanced by tectonic activity, steep gradient and monsoon climate. As a result, the rock particles are flushed away downstream rapidly before they are chemically weathered considerably. Dalai et al. (2002a) also observed that physical weathering is one of the driving factors for chemical weathering in the Yamuna basin in the Himalaya.
Strontium and barium
Alkaline earth metals such as Sr and Ba are known to be relatively mobile in natural oxic and aqueous environments (Dupre et al., 1996; Gaillardet et al., 1999) . Sr concentration of YRS sediments ranges from ~45 to 156 µg g -1 (mean: 75 ± 22 µg g -1 ) and shows no definite downstream trend. This range and mean are lower than those in the Precambrian carbonates in the Yamuna basin (range: 33 to 363 µg g -1 , mean: 162 ± 120 µg g -1 , Singh et al., 1998) . Four granites collected in and around Hanuman Chatti (Fig. 1) and those from Sayana Chatti (Biyani, Sediment geochemistry of the Yamuna River System in the Himalaya 449 1998) have Sr in the range of 76-153 µg g -1 with a mean of 105 ± 25 µg g -1 . The Upper Continental Crust (UCC) normalized ratio for Sr in YRS sediments averages at 0.21 ± 0.04 (Fig. 5) . The average Sr/Al ratio (µg g -1 / weight %) of YRS sediments, 17 ± 8 is much lower than that for the UCC, ~44 (McLennan, 1995) . It is borne out from all these comparisons that Sr is lost from bed rocks during weathering. In YRS sediments, Sr shows significant positive correlation with Ca and Mg (Table 4) suggesting that it is associated mainly with plagioclase and carbonate minerals.
Ba concentration of YRS sediments ranges from ~200 to 550 µg g -1 (mean 371 ± 95 µg g -1 , Table 2 ) and shows no distinct downstream trend. Four samples of granites collected in and around Hanuman Chatti in the Higher Himalaya (Fig. 2) have Ba concentration in the range of 120-400 µg g -1 (Dalai et al., 2002b ) with a mean of 307 ± 126 µg g -1 , which is indistinguishable from that for YRS sediments. The UCC normalized ratio for Ba in YRS sediments averages at 0.66 ± 0.16 (Fig. 5) . It is tempting to infer from this ratio that there is overall loss of Ba during weathering of bed rocks. If source rocks in YRS basin have a wide range in Ba concentrations, the above interpretation may seem over simplified. However, based on a detailed geochemical investigation Dalai et al. (2002b) inferred that silicates in the YRS basin are an important source of dissolved Ba in many of the rivers. The mean value of Ba/Na (nmole µmole -1 ) in four granites of the upper Yamuna basin is 1.4 ± 0.6 whereas Ba/ Na ratio in bed sediments averages at 5.6 ± 1.5 (excluding data of three samples RS98-8, RS98-11 and RS98-31, which have anomalously high Ba/Na ratios, 10.4-24.2). The average Ba/Na of five carbonate-free samples is also nearly the same. It is also seen that the average Ba/Na in sediments of rivers draining the HHC (5.2 ± 0.3, n = 4) is nearly the same as those for rivers flowing through the Lesser Himalaya (5.6 ± 1.7, n = 19). Thus, the results show that Ba/Na of YRS sediments are a factor of ~4 higher than that measured in granites of the Yamuna basin. If these data are representative of the entire basin, then higher Ba/Na in sediments relative to those in granites would suggest preferential release of Na over Ba during weathering. This inference is based on the premise that the HHC granites/gneisses are the dominant source of these sediments. At present there is no data to test if this assumption is valid. However, Derry and France-Lanord (1996) concluded that the HHC is the dominant source of the Bengal Fan sediments. It is, therefore, likely that the YRS bed sediments are also derived mainly from HHC. Measurements of diagnostic isotope proxies are required to confirm this conjecture. Comparison of Ba/Sr in granites from the upper Yamuna basin with those in carbonate-free bed sediments also allows drawing similar inferences. Ba/Sr of granites of Hanuman Chatti is about a factor of two lower than that in carbonate-free sediment samples. Assuming that the database is representative of the entire YRS basin, it indicates that Sr from granites is preferentially released over Ba.
In addition to higher mobility of Na and Sr, their preferential release over Ba can also be understood in terms of weathering resistance of host minerals of Ba and the affinity of Ba to be associated with solid phases during weathering and transport. Due to their similar ionic radii, Ba substitutes for K in feldspars and micas (Wedepohl, 1972; Nesbitt et al., 1980; Gallet et al., 1996) . Given that K-bearing minerals are relatively more resistant to chemical weathering (Berner and Berner, 1996) , release of Ba from them is likely to be relatively restricted. There is significant positive correlation of Ba with K and Al in YRS bed sediments ( Fig. 6; and Ba-Al regressions respectively, excluding the sample from river Aglar). It is well known that Ba is retained in clays and Fe-oxyhydroxides during weathering and transport (Wedepohl, 1972) . This property of Ba is known to regulate its dissolved concentrations of rivers and its flux to oceans (Hanor and Chan, 1977; Li and Chan, 1979) . During weathering of alkali feldspars, release of Ba to solution is limited due to its retention in the weathering profile possibly via exchange with clays (Nesbitt et al., 1980) . Association of Ba with clay minerals of stream sediments was also observed for the Amazon River (Vital and Stattegger, 2000) . The relative importance of these two mechanisms (resistance of K-Al silicate minerals to weathering vis-á-vis retention of Ba in solid phases during transport) in regulating the abundance and distribution of dissolved Ba in YRS waters and sediments is difficult to assess from available information. However, studies on weathered granites indicate that K is fixed onto clay surfaces even after complete weathering of Kfeldspars (Nesbitt and Young, 1982) . Earlier work on weathering profiles in the Middle Hills of the Himalaya showed that K and Mg were retained in clays of the soil profile after their mobilization from bedrocks (Gardner and Walsh, 1996) . It is observed that Ba concentrations of carbonate-free YRS sediments, in general, are either similar to or higher than those in granites. All these observations, coupled with the knowledge that silicates are an important contributor to dissolved Ba of YRS waters (Dalai et al., 2002b) , seem to indicate that adsorption of Ba onto particles, after its release to solution, is likely the dominant mechanism in regulating Ba abundances of YRS sediments and waters.
Heavy metals
Average heavy metal concentrations of YRS sediments, except for Pb, are lower than those reported for the surficial sediments of the Yamuna main channel (Ramesh et al., 2000) . Cobalt concentrations of the YRS are higher than those reported by Ramesh et al. (2000) even after considering that its concentration might have been overestimated in this study. The samples studied by Ramesh et al. (2000) are from the Yamuna at Dakpathar near Dehradun till its flow in the plains near Allahabad. In the plains, the Yamuna receives contributions from tributaries draining mainly the basaltic terrains. Thus, the variation in metal concentrations of the river sediments may be due to source rock characteristics. Furthermore, sediments in the plains are likely to have anthropogenic contributions whereas this study focuses on the headwater region of the Yamuna and its tributaries. The upper reaches of the YRS being remote and minimally affected by agricultural activities, trace metals in sediments are likely to be mainly of natural origin (see later discussion).
In YRS sediments, heavy metals (Cu, Cr, Co, Pb and Zn) show positive correlations among themselves (Table  4) suggesting that a common mechanism regulates their abundance. This, coupled with the observation that these metals also show co-variations with Al (Table 4) , leads to infer that occurrence of Al-rich phases such as clay minerals exert significant control on abundances of metals. Trace metal concentrations of YRS sediments show very weak correlation with Fe, Mn and P (except Zn which correlates positively with Fe, r = 0.52; and Co which shows a weak positive correlation with P, r = 0.36, Table  4 ). Phosphorous is known to be associated with ferric oxides/hydroxides and organic matter in river sediments (Berner and Rao, 1994) . Jha et al. (1990) observed a significant co-variation between organic C and P in the Yamuna river sediments. In the present study, covariation of heavy metals with Al and absence of the same with P, Fe and Mn suggest that these metals are mainly associated with clay fractions and that their abundances are not significantly influenced by the presence of organic matter and/or Fe-Mn oxides. Strong association of metals with Al-rich phase demonstrates the role of sediment transport and mineral sorting in influencing the distribution of metal abundances of YRS sediments. Ramesh et al. (2000) also observed that finer grain size and clay mineral abundances in surficial sediments of the Himalayan river system control metal accumulation in them. The role of particle transport and sorting is also evident from comparison of chemical composition of surface sediments with those of suspended particulates of the Yamuna river. The heavy metal (Cr, Cu, Ni, Zn and Pb) concentrations of the Yamuna river sediments (Table  2) are lower than those reported for total suspended matter of the river at Baghapat (the most upstream point of sampling in Jha et al., 1990) . Suspended particles are finer in size and have higher abundances of Al and clay minerals. Relatively higher metal contents in the suspended matter compared to bed sediments would also support the idea that these metals are mainly associated with the clay fraction. Contributions from basaltic lithology and possible anthropogenic contributions in the plains may also explain part of the difference in metal concentrations of bed sediments and suspended matter observed in two different studies. Among the heavy metals, UCC normalized ratios for Cu, Zn and Pb are less than 1 (Fig. 5) . This can be because of loss of these metals from bed rocks during weathering and/or less abundance of clay (and Al) in bed sediments compared to that in UCC. For Cr and Ni, UCC normalized values are indistinguishable from 1 within errors. However, normalized ratio for Co is higher than 1 (this will be valid even after accounting for over estimation of Co) suggesting that it is supplied to sediments from non-lithogenic source(s).
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Evaluation of metal pollution
Metal concentrations in river sediments is a net result of variability in source rock composition, sediment texture, redox reactions, adsorption/desorption, sediment transport, mineral sorting and anthropogenic activity. Contributions of metals to sediments from non-lithogenic sources can be gauged by calculating their enrichment factors (EF). EF is given by:
Such estimation minimizes dilution effects caused by variable matrices such as quartz. For calculation of EF, we have used the composition of Post Archaean Australian Shale (PAAS, Taylor and McLennan, 1985) . Distribution of EF for heavy metals is shown in Fig. 7 . It can be seen that Co, Zn and Pb are enriched in YRS sediments relative to PAAS whereas other metals do not show clear enrichment. A value of EF ≤ 2 can be considered to be of lithogenic origin for a metal whereas EF > 2 is suggestive of sources such as biogenic and anthropogenic (Grousset et al., 1995) . Metals analyzed in this study, except Co, have EF ≤ 2 suggesting that they are mainly of natural origin. This inference is consistent with the finding of Dalai et al. (2002a) that anthropogenic activities have not significantly impacted major ion chemistry of the Yamuna waters over decadal time scale. It has already been mentioned that Co may have been over estimated in this study by about 30%. If higher EF for Co in YRS sediments is indeed real, it may be supplied to sediments by non-lithogenic source(s). Another approach of quantitative assessment of metal pollution in sediments is to determine geo-accumulation index (I geo ) of metals as proposed originally by Müller (1979) . I geo is expressed as:
where C n and B n are the measured and background concentrations of the metal n respectively; and 1.5 is the correction factor used to account for possible variability in the background data due to lithological variation. Metal concentrations of average post-Archean shale (Taylor and McLennan, 1985) are used as the background concentrations for metals. Calculation using Eq. (3) showed that I geo values for metals of YRS sediments are between 0 and 1. Such values indicate that YRS sediments are unpolluted for the metals analyzed in this study.
SUMMARY AND CONCLUSIONS
The major focus of this study has been to characterize chemical weathering and transport in the upper Yamuna basin in the Himalaya and to understand heavy metal association in river sediments. This has been achieved through measurements of major elements and trace metals of bed sediments of the Yamuna and its tributaries draining the Lesser and the Higher Himalaya. Results obtained in this study, in conjunction with data available for YRS waters and bed rocks of the drainage basin, have led to the following conclusions.
In YRS sediments, major and trace element concentrations vary between 20 to 50%. Elemental variations observed for the YRS as a whole are more compared to those for major rivers such as the Yamuna and the Tons, suggesting that tributaries draining multiple lithologies introduce significant variation to YRS sediment chemistry. Na, K, Ca and Mg show significant loss from bed rocks during weathering. Among these, Na shows the highest loss compared to the rest, presumably due to its higher solubility and limited tendency to be influenced by processes such as exchange, scavenging and precipitation during weathering and transport. Average CIA value for YRS sediments is ~59, suggestive of incipient weathering in the basin, a result supported by major ion chemistry of YRS waters. Lack of intense weathering in the upper Yamuna basin is because of steep gradient, high physical erosion and less time of contact between bedrock and weathering solution.
Results on Sr and Ba concentrations of YRS sediments suggest their loss from bedrocks during weathering. Sr seems to be associated with Ca-Mg rich phases of sediments such as plagioclase and carbonate minerals. Na and Sr are released to waters preferentially over Ba. This observation is a combined result of higher mobility of Na and Sr, and affinity of Ba to be adsorbed onto clay minerals as seen from its significant positive correlation with K and Al. Strong positive correlations among heavy metal concentrations of YRS sediments suggest that their abundances seem to be controlled by a common mechanism, i.e., abundance of clay minerals. This inference is supported by co-variation of metals with Al, and observation of higher Al and metal concentrations in riverine particulates compared to those in bed sediments. Weak correlations of metals with P, Fe and Mn, suggests that Fe-Mn oxides and organics play secondary role in regulating metal concentrations of YRS sediments. Association of metals with clay minerals highlights the role of mineral sorting in regulating metal abundances of YRS sediments. Enrichment factor and geo-accumulation index of metals indicate that they are mainly of natural origin and YRS sediments are unpolluted for metals analyzed in this study.
